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Abstract 
Lithium niobate photonic chip could realize diverse optical engineering for various 
applications benefiting from its excellent optical performances. In this letter, we demonstrate 
monolithic photonic chips for multi-channel sum-frequency conversion based on 
reverse-proton-exchange periodically poled lithium niobate waveguides, with the different 
channels showing uniform and excellent conversion efficiencies. To obtain a robust device and 
provide a convenient interface for applications, the integrated chip is fiber coupled with two 
fiber arrays. The packaged chip then forms the core of a multi-channel up conversion single 
photon detector. In each channel the input signal interacts with a 1950-nm single frequency 
pump laser and the sum frequency output is spectrally filtered and detected by a silicon 
avalanche photodiode. Average detection efficiency (DE) of 23.2 % and noise count rate (NCR) 
of 557 counts per second (cps) are achieved, with a standard deviation of 2.73 % and 48 cps over 
the 30 channels, as well as optical isolation (OI) between nearby channels of more than 71 dB, 
which are excellent for the extensive applications of monolithic photonic chips in fields 
including deep space laser communication, high-rate quantum key distribution and single-photon 
imaging. 
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1. Introduction 
Photonic chips with multiple optical operations have extensive classical and quantum 
applications, such as optical-frequency measurement [1, 2], machine-learning [3], quantum 
communication and computing [4-6] and so on. As one of the building blocks for photonic 
circuits, frequency mixer has been investigated on several materials including AlN [7-9], GaAs 
[10, 11], lithium niobate [12-34], and others [35-40]. Owning to its wide transparency window 
(350–4500 nm), large optical nonlinearity efficient and flexible ferroelectric domain control, 
lithium niobate is considered as a promising integration platform. 
Photonic chips for frequency mixing on lithium niobate have been extensively utilized for 
laser generation in visible and mid-infrared band by second-harmonic generation (SHG) and 
optical parametric oscillation (OPO) [12-14], entangled photon pairs generation by spontaneous 
parametric down conversion (SPDC) [15-19], quantum frequency converter by 
difference-frequency generation (DFG) [20-22],  single photon detection by sum-frequency 
generation (SFG)  [23-26], and others [27-34]. However, to the best of our knowledge, no work 
in literature has been focusing on multi-channel frequency mixing on a monolithic chip which 
could bring significant advances in the fields mentioned above with the features of system 
integration, low consumption, and low-cost. As a typical application, the multi-channel 
frequency mixers integrated on a monolithic chip could be employed to build multi-channel 
single photon detectors (SPDs) which have attracted much attention recently [41-43]. 
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In this work, monolithic photonic chips based on reverse-proton-exchange (RPE) 
periodically poled lithium niobate (PPLN) waveguides are developed to construct a 
multi-channel up-conversion SPD in the telecommunication band. The photonic chip consisted 
of 34-channel sum-frequency conversion channels based on RPE PPLN waveguides is fiber 
coupled with two 34-channel fiber arrays. Test results show that the 30 adjacent channels in the 
middle have uniform and excellent conversion efficiencies. As the core device, the integrated 
chip is used to build a 30-channel up-conversion SPD, demonstrating an average DE of 23.2%, a 
NCR of 557 cps and an OI between nearby channels of more than 71 dB, which paves the way 
for its extensive applications in quantum information. 
2. Waveguide fabrication and characterization 
The multi-channel PPLN waveguide device is fabricated with the RPE technique which is a 
more mature technique [24, 25]. Photos of the packaged 34-channel integrated chip and the 
microscopic image of the waveguides are shown in Fig. 1. The 52mm*5.5mm multi-channel 
PPLN waveguide device cut from a 0.5 mm-thick wafer is composed of 34 adjacent independent 
channel waveguides with the same design parameters. The total length of each channel 
waveguide is 52 mm including mode filter, taper and the straight waveguide with 
quasi-phase-matching (QPM) gratings. A 1-mm-long 3.5 m wide mode filter is located at the 
input port of the waveguide, followed by a 1-mm-long linear taper with the waveguide width 
increasing from 3.5 m to 8.0 m, with the latter kept through the remaining waveguide. The 
grating length is 48 mm with a poling period of 20 m. A polarization-maintaining (PM) fiber 
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array consisting of 34 pieces of 1550 nm PM single-mode fibers with a core spacing of 127 m 
is used for input coupling. To ensure high and uniform coupling efficiencies between the PM 
fibers and the waveguides, the horizontal concentric axial spacing errors of the 34 fiber cores are 
required to be <0.5 m. A multi-mode fiber array is used for output coupling, which is composed 
of 34-channel multi-mode fibers. Both the input and output end facets of the PPLN waveguide 
are anti-reflection coated to eliminate the Fresnel reflection loss. 
A schematic diagram of the experimental setup for measuring the performances of the 
individual channels in the integrated device is shown in Fig. 2. The 1950-nm pump beam is 
combined with the 1550-nm signal via a 1550-nm/1950-nm wavelength division multiplexing 
(WDM) and then launched into a fiber pigtail with a microcapillary tube at the terminal. To 
achieve optimal coupling between the fiber and the PPLN waveguide, the microcapillary tube is 
mounted on a 6-axis manual stage for fine adjustment. The performances of the PPLN channel 
waveguides are measured one by one by translating the stage horizontally. The fibers in all the 
optical components including the lasers and WDM are polarization maintaining because the 
PPLN waveguide is fabricated with the RPE method and thus guide only the transverse-magnetic 
(TM) modes. The working temperature of the chip is controlled by a thermoelectric cooling 
(TEC) system to maintain the phase-matching condition. 
The phase-matching wavelengths and conversion efficiencies of the 34-channel waveguides 
are measured respectively. The typical curves are shown in Fig. 3. 
As shown in Fig. 3(a), the SFG tuning curve of the 16th channel waveguide is obtained by 
sweeping the signal wavelength around 1550 nm with the pump wavelength fixed at 1950 nm. 
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The phase-matching signal wavelength of the selected waveguide is 1550.4 nm at room 
temperature around 25 C with a full width at half maximum (FWHM) of 0.65 nm.  
The signal photon conversion efficiency η is 
                                 η =
𝑃𝑆𝐹𝐺∙𝜆𝑆𝐹𝐺
𝑃𝑠𝑖𝑔𝑛𝑎𝑙∙𝜆𝑠𝑖𝑔𝑛𝑎𝑙
                                        (1) 
where λSFG and λsignal are the SFG and signal wavelengths, PSFG is the SFG power at the 
output port of the waveguide, and Psignal is the signal power at the input port of the waveguide 
which is fixed at 2 mW in the measurements. 
Fig. 3(b) shows the conversion efficiencies versus the pump power measured at the output 
port of the 16th channel waveguide. As illustrated, the signal photon conversion efficiency of the 
waveguide reaches its maximum when the pump power is 96 mW, corresponding to a 
normalized conversion efficiency ηnor of 116.3 %/(W·cm2), which is calculated with [25] 
                                  𝜂𝑛𝑜𝑟 =
𝜋2
4𝐿2𝑃𝑚𝑎𝑥
                                             (2) 
where L is the length of the QPM gratings and Pmax is pump power required for maximum 
conversion. 
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Fig. 1. (a) Photo of a packaged PPLN waveguide chip with 34-channel input and output fiber couplings; (b) Microscopic image of a 
multi-channel waveguide chip; (c) Details of the microstructure on the chip with a higher magnification of 200x. The chip shown in (b) 
and (c) is of the same design and processing as the packaged one in (a), and has been etched by hydrofluoric acid to reveal the 
waveguides and poling domains. 
 
 
Fig. 2. Schematic diagram of the setup for measuring the performance of each channel in the integrated waveguide chip. WDM: 
wavelength division multiplexer, AL: aspherical lens.  
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Fig. 3. (a) SFG tuning curve, (b) Measured SFG conversion efficiency versus pump power (solid square) and the sin2() fitting curve [24].   
 
 
Fig. 4. Measured signal conversion efficiency (solid square) versus the waveguide channel number. 
 
The signal photon conversion efficiency of each individual waveguide does not reach 100% 
due to the propagation loss in the waveguide and the coupling loss at the input port and other 
devices in the optical path. When the working temperature of the chip is kept at a certain 
temperature and the conversion efficiency is optimized for one channel waveguide by tuning the 
signal wavelength, the other channels may perform worse at that optimally tuned signal 
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wavelength. In the following test, the signal and pump wavelengths are set at 1550 nm and 1950 
nm respectively. An optimized working temperature at 23 C is chosen for obtaining uniform 
performances over all the channels. The pump power at the maximum conversion efficiency 
point for each channel is a little different due to fabrication errors including the random 
duty-cycle errors of the QPM gratings and the waveguide width errors, and should be 
individually optimized accordingly when the integrated chip is used as a whole. 
Calculated from the measured SFG power at the maximum conversion points of every 
channel, the maximum signal conversion efficiencies for all the 34 channels are shown in Fig. 4. 
We find that the conversion efficiencies of the first two and the last two channels are much lower 
than the other 30 channels in the middle. This is mainly attributed to the temperature gradient 
and liquid turbulence in the fabrication ovens for proton exchange and reverse proton exchange 
processes. The differences over the 30 channels in the middle may come from fabrication errors 
including the random duty-cycle errors of the QPM gratings, the waveguide width errors and the 
temperature gradient in the fabrication ovens. To increase the number of channels with uniform 
high conversion efficiencies, we may improve temperature uniformity of the fabrication ovens, 
or simply decrease the spacing between waveguide channels, if fiber array with smaller spacing 
is available. With a fiber to fiber (and waveguide center to center) spacing of 63 m we may 
easily obtain 60 channels with uniform high conversion efficiencies. 
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3. Multi-channel up-conversion SPD 
Here we show experiments with the 30-channel up-conversion SPD based on the packaged 
and integrated PPLN device. Note that the 4 side channels with much lower conversion 
efficiencies are excluded in the test here. Figure 5 shows the setup for single photon detection 
test [26], in which only one channel of the chip is employed for simplicity and clarity. A 
single-frequency fiber laser fixed at 1950 nm serves as the pump source. To correctly measure 
the detection efficiency, a single photon source (SPS) consisted of two variable optical 
attenuators (VOAs) and a 99/1 beam splitter is employed to provide one million PM photons 
near 1550 nm. A calibrated power meter (Keysight 81634B) is utilized to monitor the input 
signal power and ensures correct signal photon count. The SPS and the pump beam are 
combined with a 1550-nm/1950-nm WDM and launched into one channel of the fiber arrays at 
the input port of the PPLN waveguides. Employing PM fiber components for both the pump and 
the signal improves the stability of the whole system. 
 
Fig. 5.  Schematic of up-conversion SPD based on the 34-channel PPLN waveguide. VOA: variable optical attenuator, BS: beam splitter, 
APD: avalanche photodiode.  
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Fig. 6. Measured detection efficiency (black parallelogram) and dark count rate (blue triangle) versus the waveguide channel number. 
The error bars denote the shot noises. Note the similarity between the detection efficiency here and the conversion efficiency in Fig. 4, 
with a ratio of 40% between them caused by losses in the detection path. 
 
To filter the noise photons generated from the pump laser, the up-conversion photons 
generated from the waveguide pass through a fiber filter. The fiber filter consists of an aperture 
and two band pass filters with a combined bandwidth of 0.5 nm. The noise photons mainly come 
from the spontaneous Raman scattering noise, parasitic noise caused by imperfect periodic 
poling structures, and second and third harmonic generation of the pump. The remaining photons 
are detected by a silicon APD with a detection efficiency of 55% and an intrinsic noise of 60 cps. 
We tune the pump power of every channel to achieve maximum detection efficiency (DE). 
The system DE is obtained by dividing the number of detected count rate after NCR subtraction 
by one million, which is the signal photon count rate before entering the WDM. DEs and NCRs 
for all the channels are shown in Fig. 6. NCR contains the silicon APD’s intrinsic noise. 
The average DE and NCR of the middle 30 channels are 23.2 % and 557 cps, respectively. 
The standard deviations of the DE and NCR between different channels are 2.73 % and 48 cps 
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respectively. DE and NCR of each channel can be tuned by the pump power, so we can achieve a 
complete consistency over all the 30 different channels by slightly adjusting the 1950-nm pump 
power in each channel with a VOA. The insertion losses of the WDM and the filter are 0.5 dB 
and 0.8 dB. The DEs measured here match with the data in Fig. 4 which is tested with milliwatt 
signal power when losses in the detection path are taken into account. 
Optical isolation (OI) between nearby channels is important for a multi-channel single 
photon detector. To measure the OI, 1550-nm signal is launched into one channel with pump 
laser off, and the leakage signal coupled into an adjacent channel 127 m away is up-converted 
with pump laser on and detected by Si APD. The measured OI between adjacent channels is >71 
dB for a waveguide center to center spacing of 127 m.  
In section 2 we have proposed a device of 60 channels with waveguide center to center 
spacing of 63 m. Without a fiber array with smaller core spacing for direct measurement of the 
SFG output, the OI for smaller channel spacing can be theoretically estimated with the isolation 
properties at the signal wavelength because the conversion efficiencies of the waveguides are 
uniform. Logarithm of the OI has a linear relation to the distance between two far away parallel 
waveguides [44], therefore the OI for waveguide center to center spacing of 63 m can be 
deduced from those for waveguide center to center spacing of 50 m and 127 m which are 
available for measurement. From the measurements we estimate that the OI of the 60 channel 
single photon detector is >50 dB, much higher than the typical industrial standard of 30 dB. 
Limited by -30 dB crosstalk between adjacent channels, the maximum number of channels with 
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a 5.5-mm-wide chip is ~120, which then needs a dense fiber array with core-core spacing of only 
30 m and is not commercially available yet. 
 
4. Conclusions 
In summary, a monolithic photonic chip for multi-channel sum-frequency conversion based 
on reverse-proton-exchange periodically poled lithium niobate waveguide is demonstrated. The 
input and output ports of the integrated chip are fiber coupled with two fiber arrays to realize a 
convenient interface and improve the device robustness. The packaged optical circuits show 
uniform and excellent conversion efficiencies for the different channels. Moreover, as a key 
component, the monolithic chip is used to build a multi-channel telecom-band up-conversion 
single photon detector. For the detector, an average detection efficiency of 23.2 % and a noise 
count rate of 557 counts per second are achieved, with a standard deviation of 2.73 % and 48 cps 
between 30 adjacent channels, as well as an ultra-high optical isolation between nearby channels 
of more than 71 dB. This detector may find immediate applications, such as free-space laser 
communications, quantum key distribution by wavelength division multiplexing, and the direct 
and non-line of sight single-photon imaging without scanning. 
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